Under climate change, frosts in agricultural fields often bring serious damage to crops. Accordingly, it is keenly desired to improve frost protection methods based on the quantitative evaluation of their effects. The method for quantifying the thermal effect brought by operation of frost protection methods was newly developed based on analysis of leaf heat balance, where leaf boundary layer conductance was continuously determined in field conditions by applying artificial model leaves and a mathematical model. Reliability of the newly developed method was demonstrated in a tea field under the operation of a frost protective fan. The frost protective fan operating at the upper layer of a thermal inversion with strong radiative cooling enhanced convective heat transfer with increased the leaf boundary layer conductance and the ambient air temperature by supplying leaves with warm air. As a result, sensible and latent heat fluxes were significantly increased, which brought a rise of leaf temperature. This thermal effect brought by the fan operation was remarkably fluctuated due to the fan oscillation and advection from the surrounding field, while increasing gradually until just before sunrise when the lowest leaf temperature was observed. Thus, the newly developed method based on the heat balance analysis can be expected to contribute to the improvement of frost protection methods.
INTRODUCTION
Frosts in agricultural fields often bring serious damage to crops and cause huge economic losses in the crop production. Many crops can enhance their freezing tolerance through a phenomenon known as cold acclimation (Thomashow, 1999) . Under the climate change with global warming, however, warmer winters are prone to bring insufficient cold acclimation of the crops, and furthermore, strong radiative cooling and extremely cold weather in spring cause serious frost damage in the crop production.
Tea plants (Camellia sinensis (L.) O. Kuntze) also severely suffer such frost damage, which cannot be prevented enough by the conventional methods of frost protection such as frost protective fan (wind machine), heater and sprinkler. For example, the frost in 2010 caused huge economic losses in the tea production; i.e., 247 million dollars in China (Lou et al., 2013) and 45 million dollars in Japan (Matsuo et al., 2010) . In order to prevent frost damage, operation of the frost protection methods can be expected to improve heat balance between tea leaves and their environments, which prevents leaf temperature from dropping below a fatal level under severe frost conditions. Therefore, the effectiveness of the frost protection based on the leaf heat balance must be evaluated, and it is keenly desired to improve frost protection methods based on the quantitative evaluation of their effects. However, many recent studies related to the frost protection (Doesken et al., 1989; Ribeiro et al., 2006; Araki et al., 2008; Battany, 2012) have been focused on only changes in temperatures of the ambient air and/or leaf because of difficulties in assessing complicated convection between leaves and the ambient air under fluctuated environments.
In this study, the new method for the quantitative analysis of the heat balance of a single tea leaf was developed for the quantitative evaluation of the thermal effect brought by the frost protection during the frost night. The reliable application of the newly analysis method of leaf heat balance was demonstrated in the tea field under the operation of a frost protective fan which has been used successfully in tea fields to protect tea plants during the frost night.
MATERIALS AND METHODS

Leaf heat balance and the thermal effect of a frost protective fan
The heat balance of the single leaf depends on net radiation flux, sensible heat flux, latent heat flux (Barfield et al., 1981; Campbell, 1981; Lambers et al., 2008; Jones, 2014) . By operating the frost protective fan during the frost night, advective heat flux from the fan can change the respective heat fluxes of net radiation flux (Rn) related to radiative cooling, sensible heat flux (H) driven by the convection with the leaf-to-air temperature difference and latent heat flux (LE) associated with dew or frost formation on the leaf surface. These changes in heat fluxes can cause significant rise in leaf temperature, and result in the frost protection. In this study, the thermal effect (QL) brought by the fan operation was newly defined as the sum of changes in these heat fluxes which were evaluated by comparing the respective heat fluxes under the fan operation with those under no operation as follows:
where the subscript 1 was under fan operation, and the 2 was under no operation.
Sensible heat flux H can be evaluated as follows:
where TA is the air temperature adjacent to the leaf; GA is the leaf boundary layer conductance for heat transfer; Cp is the specific heat of air at a constant pressure; and is the air density. The factor 2 in Eq.
(2) accounts for heat exchange from both sides of the leaf. The air on the leaf surface during the frost night can be considered to be saturated with water vapor, and therefore latent heat flux LE associated with dew or frost formation on the leaf surface was evaluated as follows:
where L is the latent heat of dew or frost formation; is the slope of the curve of saturation vapor pressure within the temperature range from TA to TL; and P is the atmospheric pressure. The factor 1.08 in Eq. (3) can convert the conductance for heat transfer to that for water vapor transfer.
Therefore, for evaluating the thermal effect QL by Eq. (1), it is necessary to determine Rn, TA, TL and GA in the respective conditions under the fan operation and no operation. Rn, TA and TL can be easily measured, but the direct measurement of GA is difficult because of complicated processes of heat balance of a real leaf in crop fields. In this study, GA was determined based on the leaf heat balance simplified by using an artificial model leaf as described in a subsequent section.
Measurement of GA by using artificial model leaves of tea
The operation of the fan can change the convective air flow adjacent to tea leaves, which leads to change in the convective heat transfer between tea leaves and their environments through change in GA. For easy determination of GA, the processes of leaf heat balance were simplified by applying an artificial model leaf electrically heated by an installed micro heater.
Many researches have evaluated leaf boundary layer conductance in laboratories, greenhouses, and crop fields with various types of artificial model leaves (Dixon and Grace, 1983; Kitano and Eguchi, 1990; Leuning and Foster, 1990; Brenner and Jarvis, 1995; Grantz and Vaughn, 1999; Stokes et al., 2006; Katsoulas et al., 2007) . In this study, artificial model leaf imitating the single tea leaf with 4 cm in length, 1.5 cm in width and a projected area of about 3.8 cm 2 was prepared ( Fig. 1a ). Each artificial model leaf was consisted of a pair of brass sheets with 0.1 mm thickness, where a micro heater of a constantan wire with 0.1 mm diameter was sandwiched. The micro heater was insulated electrically with the enamel coating and was sandwiched tightly with a double sided tape between the brass sheets.
Schematic diagrams of an artificial model leaf of tea: A micro heater of constantan wire is sandwiched between highly polished brass sheets, and a pair of Ttype thermocouples is attached on each leaf surface for detecting leaf-to-air temperature difference. (b) Schematic diagrams of top and side views of the observation tea field with two experimental plots: FP, the plot with the frost protective fan where the strongest air flow from the fan reached; NFP, the plot with no frost protective fan. Four kinds of sensors were set in each experimental plot: , artificial model leaf for measuring leaf boundary layer conductance; , two T-type thermocouples for measuring air and leaf temperatures; , net radiometer; , ultrasonic anemometer.
A pair of thermocouples of copper-constantan wire with 0.1 mm diameter was attached on each leaf surface, and these two pairs of thermocouples were wired in parallel for detecting the mean leaf-to-air temperature difference on both leaf surfaces. Heating of the artificial model leaf was performed by the electric power supply with a regulated voltage of 1.0 V which causes an ordinary leaf-to-air temperature difference of around 3°C. The electrical heat supplied per unit leaf area (Pe) was calculated as follows:
where V is the voltage applied to the constantan micro heater in the artificial model leaf; r is the electrical resistance of the constantan micro heater (about 15 ); and A is the double-sided area of the artificial model leaf. Therefore, Pe was approximately 175 W m 2 . Leaf boundary layer conductance for heat transfer can be calculated based on the simplified heat balance for the single artificial model leaf electrically heated (Dixon and Grace, 1983; Kitano and Eguchi, 1990) , where there is no latent heat flux associated with leaf transpiration and formation of dew or frost. The simplified heat balance for a single side of the heated artificial model leaf can be written as:
where (TL,m TA) is the leaf-to-air temperature difference between the heated artificial model leaf and the ambient air. For evaluating the heating effect of the frost protective fan, it was necessary to evaluate GA during the nighttime without solar radiation. Rn during the nighttime is equal to the exchange of long wave radiation between the artificial model leaf and its environment. In this study, the brass artificial model leaf was highly polished to obtain a significantly low emissivity of 0.03 (Weast and Astle, 1981) , which leads to remarkably low exchange of long wave radiation. Therefore, the significantly low Rn of about 3 W m 2 was estimated in the case with a leaf-to-air temperature difference of 3°C under the condition of radiative cooling night, and Rn was negligibly low compared with the supplied electrical heat Pe (Wang, 1982; Dixon and Grace, 1983; Kitano and Eguchi, 1990) . Finally, the heat balance of the artificial model leaf can be simply expressed only by the electrical heat and sensible heat flux, and GA for a single side of the artificial model leaf was calculated by using measured values of Pe and (TL,m TA) as following equation.
Estimation of GA under the fluctuated environment in the tea field
During the night with strong radiative cooling in crop fields, wind speed is very light, which results in appreciable leaf-to-air temperature difference. Under such condition, the convective heat transfer on the leaf surface is driven by mixed convection which is the convection caused by the inertial force of wind and buoyancy due to temperature difference (Monteith and Unsworth, 2013) . By the fan operation, the air flow and the leaf-to-air temperature difference in the tea field are fluctuated at every moment, resulting in the fluctuation of GA. Therefore, continuous determination of GA under the mixed convection was required. Kitano and Eguchi (1989) developed mathematical model to estimate GA under the mixed convection. This model was expressed as a parallel model in which leaf boundary layer conductance for free convection (GFR) was connected in parallel with that of forced convection (GFR) as follows:
GFO and GFR were calculated theoretically as follows (Grace et al., 1980; Dixon and Grace, 1983; Monteith and Unsworth, 2013) :
where is the thermal diffusivity of air; d is the characteristic dimension of the leaf; is the kinematic viscosity; U is the wind speed; is the coefficient of thermal expansion of air; g is the acceleration of gravity; TL is the leaf temperature; and TA is the air temperature outside the leaf boundary layer. Therefore, for the estimation of GA under mixed convection, it is necessary to measure U, TL and TA which can be easily measured continuously.
To demonstrate whether this mathematical model for mixed convection was applicable to the continuous analysis of the leaf heat balance, GA values estimated by the mathematical model was compared with GA values measured on the artificial model leaf in the tea field.
Plant material and measurement condition in the tea field Observation was conducted in a tea field of 1.5 ha located in Fukuoka, Japan (Fukuoka Agriculture and Forestry Research Center Yame Branch Station: 33°13 24 N, 130°3 8 48 E, 144 m a.m.s.l.) during a frost night in spring (April 22, 2013) with strong radiative cooling brought by clear sky and light wind. In the tea field, tea plants Camellia sinensis (L.) O. Kuntze) with a canopy height of 0.75 m were planted in 1992 on north-south oriented rows with a row spacing of 0.3 m. The plants were grown densely, leading to the leaf area index of 6.25 in spring.
A frost protective fan (DFC815, FULTA ELECTRIC MACHINERY Co., Ltd., Nagoya, Japan) had a triplepropeller blade mounted on an 8 m steel tower, and the motor output power was 1.5 kW, which supplied air flow of 1800 m 3 s 1 to tea plants. The fan mounted on the tower was tilted 30°downward from horizontal, and this tilted angle led the strongest air flow onto the tea plant surfaces 14 m apart from the tower. Spinning rate of the fan blades was about 1100 rpm, and the fan head was oscillated around the tower between oscillating angles of 90°and 0°w
ith (9) a (34 m 24 m) as shown in Fig. 1b ; FP is the plot with the frost protective fan where the strongest air flow from the fan reached onto the tea plant surfaces and NFP is the plot with no frost protective fan. In each experimental plot, GA, TL, TA, Rn and U were measured. For the measurement of GA, artificial model leaves were set on the plant surfaces, and temperature differences between the artificial model leaves and the ambient air were measured every hour from 0:00 to 5:00 by the thermocouples connected to a micro voltmeter (AM-1001, Ohkura Electric Co., Japan). Data for GA measurement were recorded at 1 min interval for 3 min at the beginning of the one-hour cycle. TL and TA were also measured on the plant surfaces by using T-type thermocouples with 0.1 mm diameter. Rn over the plant surface was measured using a net radiometer (model NR Lite 2, Kipp & Zonen B.V., Delf, Holland). U were measured using an ultrasonic anemometer (model 81000, R.M. Young Company, Traverse City, MI, USA) at the canopy height between plant rows. Data of TL, TA, Rn and U were recorded at 1 min interval during the nighttime from 0:00 to 5:30 before sunrise by using data loggers (model GL820, Graphtec Inc., Yokohama, Japan). GA values estimated by the mathematical model in Eq. (7) was compared with GA values determined in Eq. (6) with the help of measurements by using artificial model leaves in averaged values for 3 min.
RESULTS AND DISCUSSION
Reliability of the mathematical model for GA under mixed convection
In the respective experimental plots with the frost protective fan (FP) and no frost protective fan (NFP) in the tea field, GA was measured by the artificial model leaf and estimated by the mathematical model of Eq. (7) for mixed convection. Figure 2 shows the relationship between GA measured by the artificial model leaf and GA estimated by the mathematical model. In both of NFP with lower wind speeds and FP with higher wind speeds, estimated values of GA corresponded to measured values of GA. This indicates that the GA estimation by the mathematical model for mixed convection can successfully represent the convection under the fluctuated environments in the tea field and was reliable for evaluating the convective effect of the frost protective fan. Therefore, the mathematical model for mixed convection can be considered applicable to the continuous analysis of leaf heat balance under the fluctuated environments in the tea field.
Effects of the frost protective fan During the frost night from 0:00 to 5:30 before sunrise, wind speed, GA, air and leaf temperatures, and heat fluxes were measured in the representative points within the respective plots of FP and NFP, and data in FP were compared with those in NFP for evaluating the thermal ef-Environ. Control Biol. fect QL of the fan operation. Figure 3 shows time course changes in U, GA, air and leaf temperatures and air-to-leaf temperature difference averaged for every 10 min in the respective plots of FP and NFP. U and GA in FP were enhanced four and two times higher than those in NFP, respectively, and appeared in remarkable fluctuations brought by the fan oscillation. These indicate that the convection close to the tea plant surfaces can be enhanced by the fan operation. In NFP under no operation of the fan, the ambient air temperature of the tea leaves continued to decrease gradually during the nighttime and dropped below 0°C from 4:00 to 5:30 due to the strong radiative cooling, resulting that thermal inversion layer where cold air underlies warmer air at higher altitudes should be formed. Under the fan operation, however, the warmer air near the fan head level was supplied to the cooler tea plant surfaces at the bottom of the thermal inversion, and resultantly the ambient air temperature during the nighttime was approximately 1.2°C higher than that under no operation of the fan and was kept above 0°C. Thus, the enhancement of the convection and the supply of the warmer air from the fan brought the approximately 1.1°C increase in leaf temperature during the nighttime under the strong radiative cooling. This increase in leaf temperature around 0°C can be expected effective for the risk avoidance of frost damage. In NFP with lower GA, air-to-leaf tem-perature difference was fluctuated widely because of the weak coupling between the leaf and the ambient air (Bonan, 2015) , on the other hand, in FP with higher GA, the leaf was strongly coupled the surrounding air (Bonan, 2015) , which resulted in relatively stable changes in air-toleaf temperature difference. Figure 4 shows time course changes in net radiation flux Rn, sensible heat flux H, and latent heat flux LE averaged for every 10 min in the respective plots of FP and NFP. The strong radiative cooling was observed in the tea field, where Rn remained under 60 W m 2 throughout the night. Rn in FP showed slightly lower change than that in NFP, because the higher leaf temperature in FP brought the larger long wave radiation outgoing from the tea leaf. On the other hand, H and LE in FP showed slightly higher change as compared with those in NFP due to the increases in GA and the ambient air temperature brought by the fan operation. Under the strong radiative cooling with light winds and clear skies, convective heat transfer was generally stable, but H and LE in NFP did not remain stable throughout the night in spite of no operation of the fan, indicating intermittent advection from the surrounding field. This advection under conditions of radiation frost has been observed in an apple orchard (Ribeiro et al., 2006) and eucalyptus fields (Leuning and Cremer, 1988) . Figure 5 shows the thermal effect QL of the fan operation, which was evaluated by Eq. (1) between FP and NFP. QL had a tendency to fluctuate due to the fan oscillation and advection from the surrounding field, while increasing gradually until just before sunrise when the lowest leaf temperature was observed during the nighttime. Figure 6 shows the respective heat fluxes and the thermal effect QL averaged from 0:00 to 5:30 before sunrise in FP and NFP. The respective heat fluxes of H and LE in FP were significantly enhanced by 21.0 and 17.8 W m 2 as compared with those in NFP, while Rn in FP was decreased only 2.3 W m 2 . QL was mainly brought with the changes in H and LE, and consequently the heat flux of 36.5 W m 2 was supplied to tea leaves as the thermal effect QL of the fan operation. Snyder and Melo-Abreu (2005) reported that sensible heat mainly contributes to heat supplies to plant surfaces in frost protection using wind machines, and also latent heat associated with dew or frost formation on plant surfaces reduces the rate of temperature drop, which explained our result of energy contribution to QL.
In conclusion, leaf boundary layer conductance was determined with helps of direct measurement with artificial model leaves electrically heated and model estimation by using a mathematical model for mixed convection, and resultantly the quantitative analysis of the heat balance of a single tea leaf was enabled. This heat balance analysis was indicated that sensible and latent heat fluxes were dynamically changed by the enhancement of the convection and the supply of the warm air from the fan. Furthermore, the thermal effect of the fan operation was evaluated by comparison of the heat balance under the fan operation and no operation, and it suggested that the thermal effect was significantly fluctuated due to the spatial and temporal changes in the heat fluxes with the fan oscillation and the advection from the surrounding field. Therefore, for the improvement of the frost protective fan on the basis of the spatial and temporal distributions of the thermal effect, the continuous and multipoint analysis of the leaf heat balance in the tea field is essential.
